The influence of different types of loading intervention on the resulting end-systolic pressure-volume relation (ESPVR) of the left ventricle in situ was investigated in anesthetized open-chest dogs. Left ventricular volume was measured by conductance catheter and pressure was measured by tip-micromanometer. Two loading interventions were applied: a pressure intervention (INp) by gradually occluding the descending aorta and a volume intervention (INv) by rapidly infusing 180 ml blood into the vena cava. The pressure-volume loops during an intervention always showed a linear ESPVR, the slope of which, Ees, was calculated. Possible method-related artifacts were assessed and could be excluded. Results from 16 dogs show that Ees(INp) was always larger (1.37 ±0.45 kPa/ml) than Ees(INv) (0.73 ± 0.32 kPa/ml) (p<0.001). This difference was enhanced by /3-blockade through metoprolol. The same phenomenon was found for the slope (SdPV) of the relation between d P / d t^ and end-diastolic volume: SdPV(INp) = 45.17±22.63 kPa/ml/sec and SdPV(INv) = 20.55±11.13 kPa/ml/ sec. In seven dogs, a right heart bypass was performed to study the influence of stroke volume on the ESPVR by applying a pressure intervention under three conditions: with constant end-diastolic volume (decreasing stroke volume), Ees = 2.27 ±0.79 kPa/ml; with constant stroke volume, Ees = 1.59 ±0.51 kPa/ml; and with increasing stroke volume (and increasing end-diastolic volume), Ees = 1.36 ± 0.49 kPa/ml. Analysis of variance revealed a statistically significant relation between Ees and stroke volume (/X0.01). From the right heart bypass experiments, we conclude that shorteningrelated deactivation plays a role in the observed behavior of the ESPVR. However, the results from the series with intact circulation indicate that aortic occlusion has an additional effect on the slope of the ESPVR, leading to increased myocardial inotropism, perhaps mediated through a peripheral stimulus in response to decreased perfusion. (Circulation Research 1988;62:1247-1258 D iastolic cardiac muscle length, reflected by I end-diastolic ventricular volume (EDV), has a strong influence on the mechanical function of the ventricle, whether expressed as stroke volume (SV), systolic pressure, or external work. This formulation, known as Starling's law of the heart, 1 is considered rather inadequate nowadays because other variables such as aortic pressure and heart rate have an even more profound influence on cardiac mechanical performance. A reduction in total vascular resistance, for example, brought on by vasodilator therapy, reduces aortic pressure and increases SV primarily by a reduction in end-systolic volume. Rather than using ventricular function curves or graphs representing the dependence of variables such as SV or work and ejection fraction on preload (EDV) or afterload [aortic pressure, systolic left ventricular (LV) pressure], it is useful to describe ventricular performance in the pressurevolume (PV) plane. The first to propose such methods to describe the work performed by the heart was Roy, 2 later followed by Frank, 3 but a strong advocacy for this representation is found in the recent work of Suga and Sagawa
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The influence of different types of loading intervention on the resulting end-systolic pressure-volume relation (ESPVR) of the left ventricle in situ was investigated in anesthetized open-chest dogs. Left ventricular volume was measured by conductance catheter and pressure was measured by tip-micromanometer. Two loading interventions were applied: a pressure intervention (INp) by gradually occluding the descending aorta and a volume intervention (INv) by rapidly infusing 180 ml blood into the vena cava. The pressure-volume loops during an intervention always showed a linear ESPVR, the slope of which, Ees, was calculated. Possible method-related artifacts were assessed and could be excluded. Results from 16 dogs show that Ees(INp) was always larger (1.37 ±0.45 kPa/ml) than Ees(INv) (0.73 ± 0.32 kPa/ml) (p<0.001). This difference was enhanced by /3-blockade through metoprolol. The same phenomenon was found for the slope (SdPV) of the relation between d P / d t^ and end-diastolic volume: SdPV(INp) = 45.17±22.63 kPa/ml/sec and SdPV(INv) = 20.55±11.13 kPa/ml/ sec. In seven dogs, a right heart bypass was performed to study the influence of stroke volume on the ESPVR by applying a pressure intervention under three conditions: with constant end-diastolic volume (decreasing stroke volume), Ees = 2.27 ±0.79 kPa/ml; with constant stroke volume, Ees = 1.59 ±0.51 kPa/ml; and with increasing stroke volume (and increasing end-diastolic volume), Ees = 1.36 ± 0.49 kPa/ml. Analysis of variance revealed a statistically significant relation between Ees and stroke volume (/X0.01). From the right heart bypass experiments, we conclude that shorteningrelated deactivation plays a role in the observed behavior of the ESPVR. However, the results from the series with intact circulation indicate that aortic occlusion has an additional effect on the slope of the ESPVR, leading to increased myocardial inotropism, perhaps mediated through a peripheral stimulus in response to decreased perfusion. (Circulation Research 1988; 62:1247 -1258 D iastolic cardiac muscle length, reflected by I end-diastolic ventricular volume (EDV), has a strong influence on the mechanical function of the ventricle, whether expressed as stroke volume (SV), systolic pressure, or external work. This formulation, known as Starling's law of the heart, 1 is considered rather inadequate nowadays because other variables such as aortic pressure and heart rate have an even more profound influence on cardiac mechanical performance. A reduction in total vascular resistance, for example, brought on by vasodilator therapy, reduces aortic pressure and increases SV primarily by a reduction in end-systolic volume. Rather than using ventricular function curves or graphs representing the dependence of variables such as SV or work and ejection fraction on preload (EDV) or afterload [aortic pressure, systolic left ventricular (LV) pressure], it is useful to describe ventricular performance in the pressurevolume (PV) plane. The first to propose such methods to describe the work performed by the heart was Roy, 2 later followed by Frank, 3 but a strong advocacy for this representation is found in the recent work of Suga and Sagawa 4 and Sagawa. 5 In particular, the last two studies have emphasized the importance of the end-systolic pressure-volume relation (ESPVR) represented by a straight line connecting the upper left-hand corners of the PV loops when loading conditions are changed. The slope of this line, often referred to as "E^," has been found to be sensitive to inotropic interventions 67 and to be practically independent of loading conditions. 78 Most of these studies were performed in the isolated canine ventricle, in which filling and ejecting occur through the mitral valve opening with controlled myocardial perfusion. Later, the same authors 9 reported that the ESPVR was somewhat dependent on SV and ejection fraction, but the basic concept of load independence of the slope, E,^, was retained for the isolated heart.
The development in our laboratory of the conductance catheter 10 " has made it possible to measure LV volume in the heart in situ, allowing for the study of PV relations in the intact or open-chest animal and in humans. The accuracy of the method has been shown to be comparable to the balloon-mediated volume measurement in the isolated heart. 12 We studied the possible influence of different loading conditions on the LV ESPVR in the open-chest dog by changing the hemodynamic conditions in two distinct ways: 1) by pressure-loading the ventricle through balloon occlusion of the descending aorta and 2) by volume-loading the ventricle through rapid infusion of blood. In the intact circulation, both of these interventions will result in an increase of aortic pres-sure and EDV, although usually to different extents. If the ESPVR is indeed independent of loading conditions, the two maneuvers should result in an identical ESPVR behavior. In preliminary reports, we have shown that this is not the case. 1314 In addition, we investigated the behavior of the ESPVR in a right heart bypass preparation in dogs, enabling us to vary EDV independently of aortic interventions. The findings confirmed and expanded those of the study without the right heart bypass, as shown in preliminary reports. 1316
Materials and Methods
Studies were performed in anesthetized mongrel dogs, with body weights ranging from 15 to 35 kg. After premedication with 5 ml Hypnorm (10 mg fluanison and 0.2 mg fentanyl/ml i.m.) and 0.25 mg atropine s.c, anesthesia was initiated with sodium pentobarbital (Nembutal, 15 mg/kg), and it was maintained with an infusion of methadon (5 mg/hr) and dehydrobenzperidol (25 mg/hr). Ventilation was maintained with a 3:1 mixture of N 2 O and O 2 with a Drager-Pulmonat respirator (Lubeck, German Democratic Republic). Electrocardiograms (lead II) were recorded. The chest was opened through a midline sternotomy and a dual-sensor micromanometer catheter (PC-78OB, Millar, Houston, Texas, or MTC, PPG-Hellige, Best, The Netherlands) was introduced through the left carotid artery to measure aortic and LV pressures. Possible artifacts caused by the pressure sensor hitting cardiac structures were checked by comparing both pressure wave forms during ejection. An eight-electrode conductance catheter (custom-made by Cordis Europa, Roden, The Netherlands) with appropriate electrode distance, L (7 x L = 6-8 cm, to match the LV long axis), was introduced into the LV through the right external carotid artery to measure LV volume as previously described." Catheter-tip position in the apex was verified by palpation before measurements, and by a postmortem opening of the LV. Briefly, the method is based on measuring the time-varying electrical conductance of five segments of blood in the LV, from which total LV volume was calculated. Through the most proximal and the most distal electrodes, a constant alternating current was applied (30 /xA effective, 20 kHz), setting up an electrical field in the vent ricular cavity. From the remaining six electrodes, the five time-varying segmental conductances, Gi(t), were measured and converted to total LV volume, V(t), by the formula:
where G(t) represents the sum of the five segmental conductances, 2 Gi(t), plus l A G^t) to account for the conus of volume between the first sensing electrode and the apex, while Gp is the parallel conductance (see below). Current generation, conductance measurement, and analog computations to obtain the desired volume variable G(t) were performed by a model Sigma-5 signal-conditioner-processor (Leycom, Oegstgeest, The Netherlands). Measurement of blood conductivity, a (needed for calibration), is also incorporated in the Sigma-5, with a special four-electrode cuvette, to be filled with approximately 4 ml blood. This calibration was performed at least every half hour and after infusion of fluids that might alter blood conductivity. The slope constant, a, was assumed to be 1.0 for practical purposes in all experiments, although the average value found both in vivo 1011 and in the isolated heart 12 is approximately 0.8. Because the present study is primarily concerned with comparison of ESPVR under different loading conditions within individual dogs, omission of the slope constant has no influence on the results. The value of Gp, representing the parallel conductance formed by tissue surrounding the LV cavity (myocardium, right ventricle contents, etc.), was determined in each experiment by injection of 1-2 ml hypertonic saline (6 M/l), administered through a balloon-flotation catheter in the pulmonary artery." To maintain stable conditions, dextran (Macrodex) was infused as needed, while respiratory or metabolic acidosis was corrected by adjusting ventilation or by administering sodium bicarbonate. To prevent reflex changes in heart rate, especially those caused by an increase in aortic pressure, bilateral vagotomy was performed, which was occasionally accompanied as needed by administering atropine (1 ml/kg).
Intact Circulation
In the first type of experiment, volume loading was accomplished by increasing EDV through rapid infusion of 180 ml homologous blood (37° C) or of a mixture of glucose and dextran (also at 37° C) in a ratio to match the conductivity of blood. Infusion was usually performed into the inferior vena cava. Pressure loading was accomplished by increasing the aortic impedance through slow (5-10 seconds) inflation of a catheter-mounted balloon in the descending aorta distal to the aortic arch. To investigate the influence of reflections in the arterial system caused by occluding the aorta, the effects of balloon positions that were 10 and 20 cm more distal were investigated. In one experiment, pressure loading was obtained by infusion of angiotensin II (Hypertensin, 1-3 mg/kg/hr) to increase peripheral resistance without aortic occlusion. The volume intervention will be referred to as "INv" and the pressure 1 intervention as "INp."
Because the (varying) volume of the right ventricle has been shown to have some, although minor, influence on the LV volume signal from the conductance catheter, 1217 the volume loading through the vena cava might influence the ESPVR values. Therefore, we compared the effect of the standard INv with volume infusions into the left atrium or directly into the LV with a cannula through the atrial appendage.
The LV volume variations caused by changes in the LV long-axis length are not observed directly by the conductance catheter method. l8 To quantify these variations and to check the validity of our findings in an independent manner, we used ultrasonic crystals and dimension gauge equipment (model 401, Schuessler, Cardiff-by-the-Sea, California). To measure length changes, one crystal was placed at the level of the aortic valve and one crystal was placed in the apex of the LV. In another experiment, two pairs of crystals were placed perpendicularly at the equatorial level to measure the cross-sectional area at this level of the LV. Time-varying cross-sectional area was calculated as CSA(t) = !/ 4 x it x d,(t) x d 2 (t), where CSA is the crosssectional area, and d] and d 2 are the two measured perpendicular diameters.
To investigate whether the behavior of the ESPVR under different loading conditions was affected by the j8-adrenergic system, we administered a /3-sympathicomimeticum, dobutamine (Dobutrex, 1-6 mg/ kg/hr), or a /3-blocker, metoprolol (Lopresor, 0.1 mg/ kg). In three experiments, data were obtained under normal conditions after metoprolol and during subsequent infusion of dobutamine.
Right Heart Bypass
Because EDV and SV cannot be controlled in the intact circulation, a series of right heart bypass experiments was carried out in seven dogs. In these animals, both venae cavae were cannulated through the right atrial appendage and were drained into a reservoir, while the azygos vein was tied off. Subsequently, two other cannulas were placed, one to supply blood from the venous reservoir into the pulmonary artery by a roller pump (model 3500, Sams, Ann Arbor, Michigan), the other to drain the right ventricle. Flow into the pulmonary artery was measured with an electromagnetic flowmeter (Skalar, Delft, The Netherlands). The right ventricle was kept empty by gravity suction through a cannula placed retrogradely through the pulmonary artery into the right ventricle. By adjusting the pump speed in this preparation, the inflow to the LV could be controlled while applying an INp. This was done in such a manner so as to keep EDV constant (guided by the continuous volume signal from the conductance catheter), to keep SV constant, or to let both SV and EDV increase during interventions in arterial loading.
In two experiments, we were able to assess coronary perfusion during the usual loading INp and INv by measuring flow through the right ventricle drainage tube with an electromagnetic flowmeter. This flow represents coronary venous return and, in steady state, is practically equal to coronary arterial perfusion.
Data Acquisition and Analysis
To rule out the influence of respiration and variations in lung volume on LV volume and/or conductance, all data were collected during periods of suspended respiration of maximally 40 seconds. Ventilation was stopped at end-inspiration. To test the possible influence of slowly working control mechanisms, data collection occurred during both gradual change in loading conditions and steady states.
The following signals were digitized with 12-bit accuracy on a LSI-11/23 (Digital Equipment Corp., Maynard, Massachusetts) minicomputer at a sample frequency of 100 Hz: ECG, LV pressure, aortic pressure, and the five segmental-resistance signals from the Sigma-5 signal-conditioner. Data were stored on a floppy disk for subsequent analysis. Calibration of the conductance signal to obtain absolute volume by the hypertonic saline method was also performed by computer with an algorithm as previously described." All pressure values and the derived variables such as elastance, E, and dP/dt are given in units of kilopascals. To convert these to millimeters mercury, multiplication of the kilopascal value by a factor of 7.5 would be required.
The PV relation of the ventricle throughout a cardiac cycle has been expressed as a time-varying elastance, E(t), defined as the ratio of LV pressure, P(t), over LV volume, V(t), with a correction term, Vd (reference 7):
End-systole is usually defined as the specific moment in the cardiac cycle when "ventricular activity" is maximal. 19 Since E(t) is used to quantify this ventricular activity, end-systole is considered to occur when E(t) is maximal. Vd in Equation 2 cannot be measured directly, and therefore, we must use P(t) and V(t) data from multiple beats under different loading conditions Goading run) to determine E(t) and its value at endsystole. Basically, there are two approaches. The method we used is an iterative method. With a starting value for Vd of 0 ml, in each heart cycle of the loading run, the point at which E(t) is maximal is determined, and linear regression analysis is applied on these pressure and volume points. From the resulting slope and intercept, a new Vd is calculated as Vd= -pressure intercept/slope. With this new value substituted in Equation 2, the process is repeated until the difference between the most recent Vd used and the previously calculated Vd is smaller than a preset error value of 0.1 ml. The resulting slope then is used as the "contractile performance" descriptor, and it is termed "Ees." In many studies, end-systole is considered as the moment at which P(t)/V(t) is maximal, thus only performing the first iteration of our method. 1720 " 22 The second approach used in the literature 4 is based on calculating E(t) from isochronic points occurring in each of the heart cycles of a loading run. For each set of isochronic V(t) and P(t) pairs, linear regression analysis is applied, resulting in E(t) and Vd(t). The maximum value of E(t) is then used as the "ventricular activity" descriptor, and it is termed "E^." The instant at which the isochronic E(t) is maximal, as used in this second method, often does not coincide with the end-systolic point obtained with the first method. We observed that E(t) often still increases beyond this point, perhaps because of changes in LV relaxation timing throughout the intervention. Another problem with the time-varying elastance approach is the time dependency of Vd. 4 Therefore, in tiiis study, we used Ees to describe end-systolic elastance.
In the right heart bypass experiments, data were taken only in steady-state conditions, that is, first just before occluding the descending aorta and again when a steady state was reached with the aortic balloon inflated. Thus, in those experiments, Ees was always calculated from two clusters of data, each comprising about 10 cardiac cycles.
To investigate whether another index of contractile performance would reveal the same behavior under different loading conditions as the ESPVR, we calculated the slopes (SdPV) of the relation between maximal LV dP/dt (dP/dt^) and EDV in the same manner as proposed by Little. 23 Since dP/dt^,, generally occurs before ejection, this offered the possibility to compare a preejection index to the Ees index that occurs close to end-ejection. dP/dt was calculated by computer from LV pressure with a smooth three-point Lagrange derivative, the preferable method for 12-bit digitized data. 24 
Statistical Analysis
Linear regression analysis to obtain Ees, SdPV values, as well as linear regression between these two and other variables was performed by the least-squares method for paired samples, adapted for use when both variables are subject to random scatter. 25 A standard t distribution test was used to determine whether the calculated correlation coefficient was significantly different from zero. Statistical significance was assumed for p<0.05. Groups of data are summarized as mean ± SD; significance of the difference between two means of data from the same specimen under different conditions was tested by the Student's / test for paired data. The equality of variances was tested to ensure that the assumptions of the t test were met. The Ees results from the right heart bypass experiments fell into three categories: data obtained with decreased, constant, and increased SV. To test whether SV had a statistically significant effect on Ees, a repeated analysis of variance was used. To determine the differences between the three groups of data, Bonferroni's t test was used. 26 
Results

Intact Circulation
In Figure 1 Occasionally, a slight bending of the ESPVR toward the volume axis was found for pressures in excess of 25 kPa. Points with pressures higher than 25 kPa were not used to determine Ees. The PV loops shown here (as well as those in Figure 4 ) show that ENv by venous loading not only increases EDV but also raises systolic pressure, which is to be expected in the intact circulation since peripheral resistance remains approximately constant. Conversely, pressure loading by occluding the descending aorta increases aortic impedance, and as a consequence, SV will decrease. Probably because of excess filling volume with respect to ejected volume, EDV is raised also, although to a lesser degree than by the venous loading intervention. Establishing a steady state after the gradual intervention did not change the position or the slope of the ESPVR appreciably.
In Figure 2 mean±SD for Ees(INp) is 1.37 ±0.45 kPa/ml; the mean±SD for Ees(INv) is 0.73 ±0.32 kPa/ml. The difference between these values is highly significant with p<0.001. The mean ± SD of the intervention ratio, Q(Ees), is 2.04 ±0.57. Likewise, the average values of Vd for the two interventions are significantly different with p<0.002: Vd(EMp) is 9.01 ±7.98 ml and Vd(INv) is 0.33 ±8.65 ml.
The average values of the slope, SdPV, for the relation between dP/dt^ and EDV in the 22 measurement sets are SdPV(INp) = 45.17±22.63 kPa/ml/sec and SdPV(INv) = 20.55 ± 11.13 kPa/ml/sec, and a statistically significant difference withp<0.001 ( Figure 3B ). The mean ±SD of the intervention ratio, Q(SdPV), is 2.51 ± 1.20. So, the same phenomenon of a considerable dependence on the type of loading intervention as observed for the variable Ees was found for the variable SdPV. There was a good linear correlation between Ees(INp) and Ees(INv) (r = 0.71, p<0.001) as well as between SdPV(INp) and SdPV(INv) (r = 0.76, p<0.001). No significant correlation was found between the two intervention ratios, Q(Ees) and Figure 4 shows the results of the two standard loading interventions when the regional LV cross-sectional area was measured with ultrasonic crystals. For comparison, the results obtained with the conductance catheter for total volume are also shown for the same interventions. Note the similarity between the shapes of the loops from the two methods as well as the similarity of the ESPVR behavior upon loading interventions.
The effects of changes in LV axial length, as measured by the crystal method, on the load dependence of Ees are depicted in Figure 5 . The INp,withEes = 0.91 kPa/ml, resulted in an increase of diastolic axial length from 76 to 78 mm, while EDV as measured by the conductance catheter increased from 39 to 45 ml. On the other hand, INv with Ees = 0.71 kPa/ml increased diastolic axial length from 76 to 79 mm, while EDV rose from 40 to 48 ml. Accordingly, INv accomplishes a larger increase in both ventricular cross-section and axial length as compared with INp, thus roughly maintaining cavity shape in both cases.
In Table 1 , the results are summarized from experiments in which metoprolol and dobutamine were administered. The results show that Ees strongly decreases with metoprolol because of its negative inotropic action and that it increases again toward control values with subsequent dobutamine as expected. Strikingly, the intervention ratio of the ESPVR, Q(Ees), was found to be also dependent on these Pressure (kPo) / 25. T 20.
16.
10. • 20. 38. 40. se.
X-"tol segnentol volume (r«l) Co + heter volume (ml) drugs: metoprolol increases the ratio, while dobutamine, given after metoprolol, decreases the ratio again.
Right Heart Bypass
In Figure 6 , a typical result is shown for these INps by aortic occlusion under three different conditions: 1) when EDV was held approximately constant and, thus, SV decreased, 2) when SV was kept constant, and 3) when both SV and EDV increased during the occlu- From the three individual differences between the three groups of data, only two were significant: between decreased SV and constant SV and between decreased SV and increased SV, both with p<0.05. The difference between data with constant SV and with increased SV was not significant. We also calculated the relation between dP/dt,^ and EDV with slope SdPV from the data of the right heart bypass experiments. However, since EDV was maintained approximately constant in the first group, no such relation could be established in it. Thus, only two groups with SdPV data, with constant SV and with increased SV, resulted as shown in Table 2 . A standard t test revealed no significant difference between these two groups, but neither had a significant difference for Ees been found for these two groups.
The two experiments in which coronary perfusion was measured showed large Q(Ees) values (3.3 and 3.2) and large increases of coronary perfusion, both upon INp (+ 144% and +62% for experiments 1 and 2, respectively, average +103%) and upon INv ( + 70% and +94%, respectively, average +82%). However, since these increases are caused by unequal changes in perfusion pressure (as shown in Figure 1 ), it is more useful to calculate the corresponding decreases in coronary vascular resistance, defined as mean aortic pressure divided by coronary flow, amounting to 25. _ 28. Table 3 
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Discussion
The results of this study indicate that the ESPVR is clearly dependent on the way in which loading conditions are altered. Ees is consistently and substantially larger for INp than for INv. The same conclusion would have been reached if maximal or end-systolic elastance had been determined in another way (see "Materials and Methods"), as is evident from Figures  1, 4 , and 6. Differences in slope occur, for example, at the beginning of systole as well as at end-systole. This difference is further enhanced by blocking the /3-receptors. The mean value of Ees by INv, 0.73 ±0.32 kPa/ml, converts to 5.5 ±2.4 mm Hg/ml. This value compares well with those found in the isolated heart, 6.6 mm Hg/ml 7 and 3.6 mm Hg/ml, 24 as well as in the intact dog (obtained with vena cava occlusion), 5.8±3.6 mm Hg/ml, 17 4.7±2.3 mm Hg/ml, 22 7.7 ±2.9 mm Hg/ml, 23 5.1 and 6.7 mm Hg/ml (with and without autonomic blockade, respectively), 27 and 4.6 ± 2.5 mm Hg/ml. 20 In contrast, Ees found by aortic occlusion, an intervention not studied by others, was 1.37 ±0.45 kPa/ml or 10.3 ± 3.4 mm Hg/ml, exceeding all of the above values.
Hypothetically, the conductance method measuring LV volume, in itself, may have caused some differences in slopes of the ESPVR with the two load interventions because of its slight sensitivity to the contents of the right heart. 1217 Thus, with volume loading by infusion in the vena cava, right ventricular volume will increase along with LV volume. Our previous findings in the isolated heart preparation showed that an excess volume of 30 ml in the right ventricle will increase volume-derived conductance in the LV by 2.9 ml maximally (average 0.9 ml). 12 But even a relatively small, spurious increase in end-systolic volume of 3 nil at maximal loading may cause Ees(INv) to decrease from a typical value of 0.60 to 0.54, which is in agreement with our present finding of the effect of infusion location on Ees(INv) (into vena cava versus directly into LV). However, this effect is not nearly large enough to explain the observed strong dependence of the ESPVR on loading intervention. With the standard caval infusion, the intervention ratio Q(Ees) was 1.94, which was lowered to 1.63 with the LV infusion; that Ees, end-diastolic elastance; SdPV, slope of the relation between d P / d^ and end-diastolic volume; SV, stroke volume.
is, it was still substantially larger than 1.0. In addition, occlusion of the descending aorta as used for INp may also increase right heart size, although probably less than with the regular INv, as may be interpreted from other studies reporting an increase in venous return 28 or an increase in right atrial pressure 29 upon descending aortic constriction. The difference in ESPVR slopes is further confirmed by the results for LV cross-sectional area obtained with the crystal method, which is obviously independent of right ventricular volume, showing an effect of the two interventions similar to the conductance method ( Figure 4) . Moreover, the effect of loading dependency on Ees is clearly present in the right heart bypass experiments in which right ventricular volume was kept zero. Finally, in the hypothetical event that INv should lead to a more spherical shape for the LV as opposed to a more elliptical shape upon INp, a larger increase for conductance-derived LV volume would ensue since the conductance signal is slightly dependent on LV shape. 1218 But our results ( Figure 5 ) show that the increases in conductancederived volume with the two interventions are accom-. panied by similar increases in LV long axis measured by crystals, which indicate that LV shape is approximately maintained in both cases. The same is true for a reduction in LV volume by caval occlusion as shown by others. 2223 Slight changes of ± 1 ml in control values of LV volume, not accompanied by a change in pressure, were observed sometimes after a loading intervention. Whether these changes occur spontaneously, reflecting a small change in the inotropic state, or are method related is hard to assess precisely, but they may explain slight variations in repeat measurements of Ees amounting to ± 5%. The reproducibility of the ESPVR thus appears better than 90%.
The average value of the volume intercept, Vd, upon INv is much lower than its value upon INp, which is in accord with the lower slope, Ees. We do not attach much significance to this finding nor to the occasionally found negative values for Vd. First, Vd thus calculated represents merely a mathematical intercept of the volume axis obtained by extrapolation of a rather straight segment of the "total" ESPVR. Obviously, a low Ees will lead to a negative Vd as also found by others, 202730 a physical impossibility if Vd is considered to represent LV volume at zero pressure. Second, such a physical value for Vd should not depend on the intervention used to determine the ESPVR; in all likelihood, both relations will curve toward the volume axis at low pressures 31 and should meet at the same point. This point, however, cannot be obtained in the intact circulation without controlled coronary perfusion.
Aside from the issue of the location and significance of volume intercept, the most attractive feature of the slope of the ESPVR is its presumed insensitivity to loading conditions, which would render it a true index of myocardial performance. Several studies have already demonstrated some limiting factors for the load independence of the ESPVR for the isolated heart. 932 " 34 The manifest dependency of the ESPVR on the type of loading intervention for the heart in situ as found by us is in fact supported by other studies in which an INv was applied to obtain ESPVR with normal and increased peripheral resistance, 222734 but the change in slope has not been noticed. Maughan et al 34 (see their Figure 5 ), Sodums et al 22 (see their Figure 4 ), and Spratt et al 27 (see their Figure 6 ) show parallel leftward shifts of the ESPVR with increased resistance, but if the starting data points of each FNv under the two conditions are connected, an ESPVR is obtained that is almost twice as steep as the original lines. The gradual occlusion of the descending aorta applied by us follows a similar steep ESPVR.
Such an observed behavior of Ees may be caused by the effects of INv (which leads to increased fiber shortening; while ejection fraction and, thus, relative shortening remain constant) or by the effects of INp (with decreasing ejection fraction), or by a combination of both.
The phenomenon of a lower Ees might be caused by the increase in volume per se (larger with INv than with INp), which is similar to what was shown by Berko et al 20 with mitral regurgitation, but the fact that the PV loops in our experiments returned to the control position makes it unlikely that this can be explained by creep or stress relaxation. 2027 In the right heart bypass experiments in which SV was controlled during identical INps, the change in SV is clearly inversely related to the value of the resulting Ees. This is indicative for shortening deactivation, 35 or it may be explained by the presence of an internal resistance in the myocardium. 333 *' 37 Because changes in SV are invariably accompanied by changes in flow velocity in the intact heart, it is impossible to assess whether the observed behavior of Ees is caused by the extent of (relative) fiber shortening itself, by its velocity, or by a combination of both. The phenomenon of deactivation has been demonstrated in the isolated heart with carefully controlled ejection by Suga et a\, 9J2 who found a lower end-systolic pressure, a deficit, at fixed end-systolic volume for ejecting beats as compared with isovolumic beats. A gradual increase of the deficit with increasing SV and systolic pressure would explain a linear ESPVR with a smaller slope as compared with what would happen with decreasing SV. It is striking, however, in our bypass experiments that reducing SV by maintaining EDV constant, on the average, results in a larger and highly significant increase of Ees in comparison with its value at constant SV than the (even insignificant) decrease in Ees resulting when SV is increased (Table 2) . Moreover, the fact that dP/dt,^, as a function of EDV (characterized by SdPV), behaves almost identically to Ees upon the two loading interventions provides us with a clue that shorteningrelated deactivation alone cannot explain our findings. Namely, dP/dt^ occurs before shortening has set in, and the observed behavior could be interpreted only in the above manner with the unlikely assumption that shortening in one heart beat carries a negative inotropic effect to the next beat. Other mechanisms are bound to be present, and these mechanisms may be sought in the effects of INp.
Occlusion of the descending aorta alters the reflection pattern of the pressure wave, with concomitant shape changes in the pressure signal during systole, 38 which in itself could account for a higher end-systolic pressure at identical ESV. However, changing arterial load with angiotensin instead of with balloon occlusion did not change the shape of aortic pressure from control but resulted in an even larger Ees(TNp) (1.45 vs. 0.99) and a correspondingly larger Q(Ees) ratio (3.08 vs. 1.94). Furthermore, different locations of aortic occlusion, which should modify reflections and aortic compliance, changed Ees(INp) neither systematically nor more (at most 9%) than should be expected from the reproducibility of the ESPVR (estimated to be better than 90%). This leads to the conclusion that the manner in which the pressure intervention is applied plays no important role in the observed differences. This is in contrast with the findings for isolated cardiac muscle, 39 demonstrating a large effect of changes in arterial compliance on model-extrapolated ESPVR. In a recent study by Maughan et al 34 of the isolated ventricle, which interacted with a three-element computersimulated afterload, the influence of afterload variables was investigated. The authors found that the variation of none of the afterload variables (resistance, compliance, and characteristic impedance) significantly altered the slope of the ESPVR.
A direct effect of aortic pressure elevation on cardiac performance was postulated more than 70 years ago. In 1912, Knowlton and Starling 40 and Von Anrep 41 and in 1914, Patterson et al 42 reported that an abrupt increase in ventricular pressure had a delayed positive inotrbpic effect on the myocardium that they attributed to improved nourishment of the myocardium because it was accompanied by an increase in coronary blood flow. Later, Samoff et al 43 found that the positive inotropic effect was independent of coronary blood flow and postulated that it was some form of intrinsic adaptation, termed homeometric autoregulation. Sunagawa et al 31 studied the influence of coronary perfusion pressure on the (isovolumic) ESPVR in isolated left ventricles. They found that Ees remained reasonably constant as long as coronary perfusion pressure was higher than a critical value of 67 ± 22.1 mm Hg (8.9 ± 2.95 kPa) but that Ees became increasingly more sensitive to coronary perfusion pressure below that critical value, resulting in a downward bending of the ESPVR and a decrease in Ees. In our experiments, we always made sure that mean aortic pressure and thus coronary perfusion pressure was never below 10 kPa (75 mm Hg). The results of our coronary perfusion measurements show a marked increase in flow by both of the interventions, undoubtedly related to the increased oxygen demands of the myocardium when systolic pressure, EDV, and SV are increased. The fact, however, that the response of coronary perfusion to the interventions is different for the two experiments, which have very similar Ees intervention ratios, Q(Ees), makes it hazardous to draw firm conclusions. Based on the similar decreases in coronary vascular resistance after the two interventions ( -33% for ENp and -26% for INv) we suppose that, within the investigated range of pressures, the role of changes in coronary perfusion in the observed ESPVR behavior is relatively insignificant. This hypothesis finds support from the work of Nishioka et al 44 who found, just as we did, a steeper slope of the ESPVR with an increase in afterload as compared with an increase in preload in an isolated heart preparation with fixed coronary perfusion. Support for the original Von Anrep hypothesis has been gathered by Monroe et al. 43 These authors suggest that the (delayed) positive inotropic effect after a sudden increase in ventricular pressure is caused by recovery from pressure-induced transient subendocardial ischemia. It is nevertheless doubtful that the Von Anrep effect is an important factor in the observed difference between Ees(FNp) and Ees(INv). First of all, the aortic occlusion applied by us is gradual, taking 5-10 seconds to complete, rather than abrupt, as applied by the other investigators. This is probably why we do not observe the transient changes in end-diastolic pressure and volume described in the classic Von Anrep effect. Furthermore, in another study, Monroe et al 46 showed that the effect was diminished by administration of a /3blocker. In contrast, in our study /3-sympathetic blockade of the heart by metoprolol enhanced the difference between Ees(INp) and Ees(INv), while subsequent adrenergic stimulation by infusion of dobutamine diminished the difference ( Table 1 ). The finding that these manipulations of the /3-receptors did have sizable influence on the observed Ees behavior finds indirect support from a study in open-chest dogs by Bugge-Asperheim and Kiil 47 who reported a more identical behavior of SV changes after volume loading versus after pressure loading during administration of isoproterenol as opposed to SV behavior during normal or low inotropism. The recovery of SV and cardiac output within 18 seconds after abrupt aortic occlusion in conscious, standing dogs 29 is probably a reflection of the same phenomenon because the catecholamine level in these dogs should be much higher than in the anesthetized open-chest preparation.
More conclusive evidence of a direct positive inotropic effect of aortic occlusion on the myocardium is given by our findings of the behavior of the SdPV upon the loading interventions. Little 23 reports that the slope and the volume intercept of this relation are less affected by an increase of afterload than is the ESPVR, but the differences in statistical significance may be caused mainly by the differences in standard deviations in the seven dogs. Moreover, the afterload intervention by Little 23 using angiotensin followed by vena cava occlusion is not directly comparable to our intervention by aortic occlusion. The linear correlation we found between Ees and SdPV for both INps and INvs indicates a strong similarity in the behavior of the two variables as a function of loading. It may be argued that such a similarity is to be expected because of the theoretical relation between the two slopes as shown by Sunagawa and Sagawa 4 * and Little, 23 but the mathematical derivation by necessity neglects the effects of shortening and of time dependence of Vd. Also, it is unmistakable that dP/dt,^ is a preejection variable of performance, which is unaffected by shortening or systolic pressure, provided the maximum occurs before valve opening; in contrast, Ees is a variable occurring near the end of ejection. Thus, the similar behavior of the two slope variables strongly suggests the presence of a mechanism coming into play when aortic impedance is increased, acting directly on the intrinsic inotropic properties of the myocardium.
In summary, we conclude that the larger slope of the ESPVR upon INp as opposed to INv (in spite of the fact that these interventions partly overlap in the intact circulation) is explained by two mechanisms: a decreased effect of shortening ( -velocity)-related deactivation as demonstrated by the right heart bypass experiments and a positive inotropic effect of descending aortic occlusion as demonstrated clearly by the intact circulation data, because an increased Ees value is accompanied by an increased SdPV. Whereas such an inotropic effect might reflect the purely mechanically induced increase of inotropism on increased afterload found for isolated muscle/ 9 this does not explain why the observed phenomenon is much less evident or even absent in the isolated heart preparation and does not explain why the difference in Ees(INp) and Ees(INv) should become larger after /3-blockade. Rather, we speculate that, in situ, factors residing in the peripheral circulation, especially distal to the site of aortic occlusion, play an important role in the tendency for the heart to maintain its output in response to metabolic needs, as postulated by Ehrlich and Rodriguez-Lopez. 29 Increases in venous return and, thus, in EDV are restricted under conditions of aortic occlusion. Therefore, cardiac output (or rather SV since heart rate is fixed) can be maintained effectively only by increasing ESV, at a given end-systolic pressure, to a lesser degree than in the case of volume loading by infusion at normal arterial resistance. By necessity, this mechanism will lead to a steeper ESPVR upon INp, which, in all likelihood, is brought about by a stimulus to increase inotropic state. In the right heart bypass experiments in which EDV was maintained constant, the stimulus to maintain SV would lead to an even more pronounced increase in slope as compared with the constant SV intervention as indeed observed. The presumed peripheral factors responsible for the stimulus remain to be identified. Because of its dependence on loading conditions, the slope (and intercept) of the ESPVR cannot be regarded as a true index of contractility in its strict definition. However, as long as the direct influence of changes in loading on inotropic properties of the myocardium is not fully known, the employment of a load-independent contractility index is not practicable. The results presented here indicate that interventions applied to obtain the ESPVR should be used with caution in the light of the complex interplay between preload, afterload, and inotropic state in the intact circulation.
